Pancreatic beta cells secrete insulin in response to glucose and other energetic substrates such as amino acids, fatty acids and ketone bodies but this secretion is selectively impaired in patients with Type II (noninsulin dependent) diabetes mellitus [1±3]. Therefore, to understand the pathogenesis of diabetes and the treatment of these patients it is important to elucidate the mechanisms of such secretion.
Summary We investigated the mechanisms of insulin secretion by transfecting into a pituitary adenoma cell line (AtT20) a combination of genes encoding human insulin (HI), glucose transporter type 2 (GLUT2) and glucokinase (GK), followed by studying the characteristics of these cells. In static incubation, a cell line transfected with insulin gene alone (AtT20HI) secreted mature human insulin but this was not in a glucose-dependent manner. Other cell lines transfected with insulin and GLUT2 genes (At-T20HI-GLUT2±3) or with insulin and GK genes (At-T20HI-GK-1) secreted insulin in response to glucose concentrations of only less than 1 mmol/l. In contrast, cell lines transfected with insulin, GLUT2 and GK genes (AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10) showed a glucose-dependent insulin secretion up to 25 mmol/l glucose. Glucose utilization and oxidation were increased in AtT20HI-GLUT2-GK cell lines but not in AtT20HI, AtT20HI-GLUT2±3 and AtT20HI-GK-1 cells at physiological glucose concentrations, compared with AtT20 cells. Diazoxide, nifedipine and 2-deoxy glucose suppressed (p < 0.05) glucose stimulated insulin secretion in AtT20HI-GLUT2-GK-6 cells. Glibenclamide, KCl or corticotropin releasing factor (CRF) stimulated (p < 0.05) insulin secretion both in AtT20HI and AtT20HI-GLUT2-GK-6 cells. Insulin secretion stimulated by glibenclamide, KCl or CRF was further enhanced by the addition of 25 mmol/l glucose in AtT20HI-GLUT2-GK-6 cells but not in AtT20HI cells. In perifusion experiments, a stepwise increase in glucose concentration from 5 to 25 mmol/l stimulated insulin secretion in AtT20HI-GLUT2-GK cell lines but the response lacked a clear first phase of insulin secretion. Our results suggest that both GLUT2 and glucokinase are necessary for the glucose stimulated insulin secretion in at least rodent cell lines, and that other element(s) are necessary for a biphasic insulin secretion typically observed in beta cells. [Diabetologia (1998) 41: 1492± 1501] Keywords AtT20 Cell, insulin secretion, human insulin gene, glucose metabolism, glucose transporter type 2 (GLUT2), glucokinase gers through ATP-sensitive K + and voltage-dependent Ca 2+ channels that trigger exocytosis. In this process, a high-Km ( > 15 mmol/l) glucose transporter (GLUT)2 [4, 5] and high-Km (7±11 mmol/l) glucose phosphorylating enzyme, glucokinase [5±7] have key roles in the regulation of glucose metabolic flux rate through glycolysis in beta cells and thereby generate the necessary signals for glucose stimulated insulin secretion [5±8] . Glucose is, however, also known to control insulin secretion independent of changes in ATP-sensitive K + channel activity [9, 10] or intracellular Ca 2+ concentration [10] . Results of human and animal studies indicated that alterations of GLUT2 or glucokinase in beta cells or both are of pathogenic importance in impaired signal recognition for insulin secretion and possibly result in Type II diabetes mellitus [11±15] . The pathogenic importance of GLUT2 in humans is, however, still under investigation. Several reports have suggested that the expression of GLUT2 mR-NA and protein in human beta cells is less than in rodents' beta cells [16, 17] .
Several research centers have concentrated on molecular engineering of an ªartificial beta cellº using non-beta cells. The anterior pituitary cell line, AtT20, is a candidate for such studies because it can process proinsulin and secrete mature insulin by stable transfection with the insulin gene [18±23]. Only one model of an ªartificial beta cellº could exhibit glucose stimulated insulin secretion by additional transfection with GLUT2 cDNA [20, 21] , but the glucose concentration which stimulated insulin secretion ranged between 10 and 50 mmol/l, which was lower than that observed in beta cells [20±22] . We speculated, on the basis of results of studies that showed an extremely low activity of glucokinase in AtT20 cells relative to that in pancreatic beta cells [24, 25] , that these low concentrations of glucose were due to differences in glucokinase expression between the two cell types.
We investigated the effects of overexpression of GLUT2 and glucokinase on insulin secretion in AtT20 cells stably transfected with the human insulin gene. Furthermore, to characterize insulin secretion in the newly constructed cells, we evaluated the glucose metabolism rate and the effects of ATP-sensitive K + channel opener, Ca 2+ channel blocker, 2-deoxy glucose (2-DG), sulphonylurea, KCl and corticotropin releasing factor (CRF).
Materials and methods
Materials. Geneticin (G418), L-Histidinol-2HCl, N-(2-hydroxyethyl)-piperazine-N¢-2-ethanesulphonic acid (HEPES), 2-amino-2-(hydroxymethyl)-1, 3-propanediol (Tris), DNase (RNase-free), bovine serum albumin (BSA), dithiothreitol (DTT), glucose-6-phosphate dehydrogenase, 2-DG, glibenclamide, diazoxide, nifedipine, corticotropin releasing factor (CRF) and hydroxy hyamine were purchased from Sigma (St. Louis, Mo., USA Cell culture. AtT20 cell lines were grown in DMEM with 25 mmol/l glucose and 10 % FBS. MIN6 cells [26] were grown in DMEM with 25 mmol/l glucose and 20 % FBS under 5 % CO 2 ±95 % air at 37°C.
Plasmid construction. A 12 kb pair fragment containing the 5 ¢ flanking region of human insulin gene was cloned from a human genomic library by a plaque hybridization method using a 32 P-labelled polymerase chain reaction (PCR) product derived from human genomic DNA with primers designed from the human insulin gene [27] (sense primer ±24 to 6 and antisense primer 237 to 266). A 2.6 kb fragment of the human insulin gene was isolated by NcoI and XhoI digestion, and EcoRI linkers were ligated at both ends of the fragment. The fragment was digested with EcoRI and inserted correctly into the EcoRI site of pAc3 plasmid [28] , which contained a chicken b-actin promoter (pAc3-HI).
GLUT2 cDNA and islet glucokinase cDNA of rats were amplified by reverse transcription-polymerase chain reaction (RT-PCR). Total RNA (3 mg) extracted from the rat liver or islets was reverse transcribed into cDNA using Takara RNA LA PCR Kit (AMV), and the cDNA was amplified using a thermal cycle programmer (Model 300, Astec, Fukuoka, Japan). The primers used for PCR reactions were designed from the sequences of the rat liver GLUT2 cDNA [4] (sense primer ±24 to ±5 and antisense primer 1821 to 1840), and rat islet glucokinase cDNA [25, 29] (sense primer ±28 to ±9 and antisense primer 1808 to 1827). After amplification, the PCR products were subjected to 1 % agarose gel electrophoresis and extracted using a Gene Clean kit. Both ends of the purified fragments were ligated with EcoRI linkers and subcloned into the EcoRI site of pUC19 plasmid, and sequenced with a Sequenase version 2.0 DNA sequencing kit and [a- Transfection. AtT20 cells (passage 4 from initiate of cell culture) were plated at a density of 10 6 cells/100 mm culture dish. After incubation for 3 days, we transfected pAc3-HI into the cells using Lipofectin reagent [30] . A clone that stably overexpressed human insulin gene termed AtT20HI cells, was established by isolating colonies resistant to 500 mg/ml of geneticin (G418). Human insulin gene was also transfected into MIN6 cells (MIN6HI cells). By the same lipofection method, pCMV-his and pAc3-GLUT2, or pCMV-his and SRa-GK, or pCMV-his, pAc3-GLUT2 and SRa-GK, were co-transfected into AtT20HI cells, respectively. Several clones were established by isolating colonies resistant to 5 mmol/l of L-Histidinol-2HCl. Of these, a clone (termed AtT20HI-GLUT2±3), that expressed GLUT2, another clone (termed AtT20HI-GK-1) that expressed glucokinase, and clones (termed AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10, respectively) that expressed both GLUT2 and glucokinase were selected for further studies.
Northern blot analysis. Total RNA was prepared using the guanidine isothiocyanate method from the above cells. RNA (10 mg) was denatured with formaldehyde, then separated by 1 % agarose gel electrophoresis and transferred onto a nitrocellulose membrane. Northern blot analysis [31] was carried out with a probe of 32 P-labelled human insulin gene, rat GLUT2 cDNA or rat islet glucokinase cDNA fragment, which was digested by EcoRI from pAc3-HI, pAc3-GLUT2 or SRa-GK plasmid, respectively. The radioactive signals obtained were quantified using a BAS 100 bioimaging analyser (Fujix, Fuji Photo Film, Tokyo, Japan).
Western blot analysis. Western blot analysis was done by standard methods using total cellular lysates of the cells [4] . For this purpose, cells were extracted in 5 % sodium dodecyl sulphate (SDS), 80 mmol/l Tris-HCl, pH 7.8, 5 mmol/l EDTA, 10 % glycerol and 1 mmol/l phenylmethylsulphonyl fluoride by sonication. In the next step, 50 mg of protein was electrophoresed on a 10 % SDS-polyacrylamide gel and transferred onto a nitrocellulose membrane. A rabbit antiserum to rat GLUT2, diluted at 1:500 or a goat antiserum to glucokinase, diluted at 1:1000, was used to detect GLUT2 or glucokinase, respectively. The radioactive signals obtained were quantified using a BAS 100 bioimaging analyser.
Measurement of glucose transport. Measurement of 3-O-methylglucose uptake was done in Hanks' balanced salt solution (HBSS; 120 mmol/l NaCl, 0.14 mmol/l Na 2 HPO 4 , 2.5 mmol/l KH 2 PO 4 , 0.25 mmol/l MgSO 4 , 1.3 mmol/l CaCl 2 and 10 mmol/l HEPES) containing 0.1 % BSA supplemented with 3-O-methyl-D-[ 3 H] glucose (4 mCi/ml) for a period of 20 s and stopped by the addition of an excess of icecold medium containing 100 mmol/l glucose [16] . Cells were washed seven times and lysed by the addition of 0.5 % SDS. The radioactivity in the lysate was counted, and the results were corrected for the total cellular protein contents. The Km and V max values were calculated by double-reciprocal Michaelis-Menten plots from four independent experiments.
Glucose phosphorylation. Glucokinase and hexokinase activities in cytoplasmic fractions were measured by the fluorometric methods as described [32] . For this, each cell line was sonicated in 250 ml of a buffer (pH 7.0) consisting of 20 mmol/l KH 2 PO 4 , 100 mmol/l KCl, 1 mmol/l MgCl 2 , 1 mmol/l EDTA, 60 g/l glycerol, 1 mmol/l DTT and 1 g/l BSA. For the assay of hexokinase and glucokinase activities, the sonicated sample solution of cell extracts (25 ml) and reaction mixtures (135 ml) containing 50 mmol/l HEPES-NaOH buffer (pH 7.4), 100 mmol/l KCl, 8 mmol/l MgCl 2 , 5 mmol/l ATP, 0.5 mmol/l NAD, 1 mmol/l DTT, 1 g/l BSA, 1 mmol × l ±1 × min ±1 glucose-6-phosphate dehydrogenase and 0.5 or 50 mmol/l glucose, were incubated at 37°C for 1 h and the reaction was stopped by the addition of 290 ml of the stop buffer (pH 8.0) containing 300 mmol/l NaH 2 PO 4 and 0.46 mmol/l SDS. The fluorescence of NADH was then measured at excitation and emission wavelengths of 340 and 450 nm, respectively. Reagent blanks were measured in the absence of ATP and subtracted from the total fluorescence of the corresponding complete reaction mixtures. The activity of hexokinase was measured at a glucose concentration of 0.5 mmol/l and glucokinase activity was estimated as the difference between activities at 0.5 and 50 mmol/l glucose, as described previously [32] .
Insulin secretion and content. Static incubation was done under 5 % CO 2 ±95 % air environment at 37°C. Insulin secretion into HBSS containing 0.1 % BSA was measured in the presence of various concentrations of glucose (0.1, 0.5, 1, 5, 10 or 25 mmol/l) at 15, 30, 60 and 180 min of incubation. After incubation, the medium was collected and centrifuged, and the supernatant was assayed for immunoreactive insulin (IRI) by RIA using the Ab Bead Insulin Eiken Radioimmunoassay Kit. For the measurement of intracellular insulin content, the cells were collected in 10 ml of 5 N acetic acid, lysed by three cycles of freeze-thawing, and lyophilized [18] . The dried lysate was reconstituted in 5 ml of insulin assay buffer and aliquots were assayed for IRI by RIA. The IRI was also corrected for the total cellular protein contents. Glucose stimulated insulin secretion was also measured in the presence of 250 mmol/l diazoxide, 10 mmol/l nifedipine or 5 mmol/l 2-DG at 15, 30 and 60 min of incubation. Furthermore, insulin secretion was also measured in the presence of 100 mmol/l glibenclamide, 25 mmol/l KCl or 100 nmol/l CRF with or without 25 mmol/l glucose at 15, 30 and 60 min of incubation periods.
In perifusion studies, cells cultured on the surface of plastic microcarrier beads (Biosilon) [33] were incubated in DMEM with 25 mmol/l glucose and 10 % FBS for 6 h at 37°C. The suspension was then stirred continuously at 30 rpm for 3 days. After incubation, approximately 5´10 7 cells attached on the surface of Biosilon were loaded into a Pharmacia C10/10 column. After washing for 15 min with glucose-free HBSS, the cells were perifused with HBSS containing 5 mmol/l glucose for 30 min, and then with HBSS containing 25 mmol/l glucose for 30 min at a flow rate 250 ml/min. The effluents were collected every 2.5 min, and IRI in effluent samples was assayed by RIA. For control, we used MIN6HI cells (approximately 10 5 cells) and isolated rat islets (batches of 5 islets), which were perfused as described above.
Glucose utilization and oxidation. Glucose metabolism was measured over 2 h at 37°C. Statistical analysis. Data were expressed as means ± SD. When analysis of variance (ANOVA) indicated significant differences between groups, pairwise comparisons were assessed for significance by the method of Bonferroni using the StatView-J 4.02 software (Abacus Concepts Inc., Calif., USA). A p value less than 0.05 was regarded as statistically significant.
Results
Northern blot analysis. Transfection of AtT20 cells with pAc3-HI plasmid resulted in several geneticinresistant clones. One, termed AtT20HI cells, which expressed the highest amount of insulin mRNA, was selected and confirmed to secrete human insulin (data not shown). After transfection with rat GLUT2 cDNA or rat islet glucokinase cDNA or both, the mRNA expression of insulin, GLUT2 and islet glucokinase were determined in AtT20HI derived cell lines.
All newly constructed cell lines expressed different levels of human insulin mRNA. AtT20HI-GLUT2±3, AtT20HI-GK-1, AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells expressed approximately 1.5-, 2-, 6-, 4-and 5-folds of insulin mRNA, respectively, compared with AtT20HI cells (Fig. 1) . Two bands were detected in AtT20HI cell lines transfected with GLUT2 cDNA (AtT20HI-GLUT2±3 and AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells). This could be due to differences in the use of poly-A + additional signals in GLUT2 gene and the expression vector. These cell lines expressed almost equal amounts of GLUT2 mRNA, whereas GLUT2 mRNA was not detected in AtT20, AtT20HI or AtT20HI-GK-1 cells (Fig. 1) .
AtT20HI and AtT20HI-GLUT2±3 cells expressed small amounts of endogenous glucokinase mRNA, which were comparable with AtT20 cells. In contrast, AtT20HI-GK-1, AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells expressed approximately 5-, 8-, 4-and 6-folds of glucokinase mRNA, respectively, compared with AtT20 cells (Fig. 1) .
The total cellular RNA made visible by ethidium bromide staining was almost similar in all cell lines (Fig. 1) . During the whole experimental period, insulin, GLUT2 and glucokinase mRNA levels in the transfected cell lines remained stable, and none of the transfected cell lines exhibited any apparent differences in cell growth and form from parental AtT20 cells.
Western blot analysis. Approximately 55 kDa single bands corresponding to GLUT2 protein were detected in AtT20HI-GLUT2±3, AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells (Fig. 2) . In contrast, GLUT2 was not detected in AtT20, AtT20HI and AtT20HI-GK-1 cells. AtT20HI cell lines transfected with GLUT2 expressed almost an equal amount of GLUT2 protein. AtT20, AtT20HI and AtT20HI-GLUT2±3 cells expressed small amounts of endogenous glucokinase protein. On the other hand, AtT20HI-GK-1, At-T20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells expressed a comparable amount of glucokinase protein, which was approximately 6-fold to 10-fold higher than in AtT20 cells (Fig. 2) . AtT20HI-GLUT2-3 AtT20HI-GK-1 AtT20HI-GLUT2-GK-6 AtT20HI-GLUT2-GK-7 AtT20HI-GLUT2-GK-10
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Insulin Fig. 1 . Northern blot analysis of insulin (A), GLUT2 (B) or glucokinase (C) mRNAs in AtT20 derived cell lines. Total RNA (10 mg) from AtT20, AtT20HI, AtT20HI-GLUT2±3, At-T20HI-GK-1, AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 or AtT20HI-GLUT2-GK-10 cells was subjected to gel electrophoresis, blotted, and hybridized with the indicated radiolabelled probes as described under ªMaterials and methodsº. A and B were exposed for 24 h, and C was exposed for 72 h. Total cellular RNA electrophoresed on an agarose gel was made visible by ethidium bromide staining (D). The blot shown is representative of four independent experiments
AtT20HI-GLUT2-GK-6 AtT20HI-GLUT2-GK-7 AtT20HI-GLUT2-GK-10 62 GLUT2 Fig. 2 . Expression of GLUT2 or glucokinase protein in AtT20 derived cell lines. Total cellular lysate (50 mg) from AtT20, AtT20HI, AtT20HI-GLUT2±3, AtT20HI-GK-1, AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 or AtT20HI-GLUT2-GK-10 cells was subjected to 10 % SDS-PAGE, transferred onto a nitrocellulose membrane, and hybridized with a rabbit antiserum to rat GLUT2 (A) or a goat antiserum to rat glucokinase (B). The membrane was later incubated with 125 Iprotein A and subjected to autoradiography. The blot shown is representative of three independent experiments Measurement of glucose transport. We also measured 3-O-methylglucose uptake into AtT20HI derived cell lines to evaluate the effects of GLUT2 expression. As shown in Table 1 , Km and V max values in At-T20HI cells were not different from those in AtT20 cells. The effect of overexpression of glucokinase in AtT20 HI cells on glucose transport activity was negligible. In contrast, cell lines that overexpressed GLUT2 (AtT20HI-GLUT2±3, AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells) exhibited 10.2-fold to 12.6-fold higher Km for 3-O-methylglucose and 21.1-fold to 27.5-fold higher V max than in AtT20 cells.
Glucose phosphorylation. To evaluate the effect of glucokinase expression in AtT20HI derived cell lines, we measured hexokinase and glucokinase activities in cytoplasmic fractions by using the fluorometric methods. Hexokinase activity was similar in all cell lines (Fig. 3) . In contrast, glucokinase activity in At-T20HI-GK-1, AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells was higher (p < 0.05) by 4.1-, 5.5-, 4.2-and 5.3-folds, respectively, than in AtT20 cells (glucokinase activity in AtT20, AtT20HI-GK-1, AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells, 0.45 ± 0.13, 2.28 ± 0.28, 2.92 ± 0.31, 2.34 ± 0.42 and 2.85 ± 0.20 mU/mg protein, respectively, Fig. 3 ). The ratio of glucose phosphorylating activity (glucokinase vs hexokinase) was 0.9, 1.2, 0.9 and 1.1 in AtT20HI-GK-1, AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells, respectively. Augmentation of glucokinase activity paralleled increased levels of glucokinase mRNA and protein shown in Figure 1 and 2.
Insulin secretion. In the next series of experiments we analysed the insulin-like immunoreactivity secreted from AtT20HI cells by HPLC. Approximately 85 % of insulin-like immunoreactivity secreted from At-T20HI cells corresponded to the same fraction of human insulin that was eluted as a standard (data not shown).
In static incubation studies, we examined insulin secretion in AtT20HI derived cell lines in response to different concentrations of glucose. Insulin secretion at 60 min was of the same order at all glucose concentrations evaluated (Fig. 4) ; with the highest secretion in AtT20HI-GLUT2-GK cell lines, followed by that in AtT20HI-GK-1, AtT20HI-GLUT2±3 and AtT20HI cells. AtT20HI cells showed no response to glucose. Insulin secretion in AtT20HI-GLUT2±3 and AtT20HI-GK-1 cells was glucose-dependent at concentrations less than 1 mmol/l glucose. In contrast, insulin secretion in AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells was glucose-dependent up to a concentration of 25 mmol/l glucose. After incubation with 0.1 mmol/l glucose for 60 min, intracellular insulin contents of AtT20HI-GLUT2-GK-6, AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells increased by 1.9-, 1.7-and 1.7-folds, respectively, compared with AtT20HI cells (Table 1 ). Insulin contents at 0.1 mmol/l glucose in AtT20HI-GLUT2±3 The Km and V max values were calculated from four independent experiments. Intracellular insulin contents were measured for five independent experiments. Data are means ± SD. and AtT20HI-GK-1 cells were also higher than in At-T20HI cells, albeit insignificantly. We also measured glucose stimulated insulin secretion in the presence of 250 mmol/l diazoxide, 10 mmol/l nifedipine or 5 mmol/l 2-DG. After incubation for 60 min, glucose had no effect on insulin secretion in AtT20HI cells. Diazoxide, nifedipine as well as 2-DG did not influence insulin secretion (Fig. 5) . The response of AtT20HI-GLUT2±3 and AtT20HI-GK-1 cells to diazoxide, nifedipine and 2-DG was similar to that of AtT20HI cells (data not shown). In AtT20HI-GLUT2-GK-6 cells, insulin secretion was higher in the presence of 25 mmol/l glucose (p < 0.05) than in the absence of glucose. Such glucose stimulated insulin secretion was, however, suppressed (p < 0.05) by diazoxide, nifedipine and 2-DG (Fig. 5) .
The effect of a number of secretagogues, including 100 mmol/l glibenclamide, 25 mmol/l KCl and 100 nmol/l CRF, on insulin secretion in AtT20HI and At-T20HI-GLUT2-GK-6 cells was measured after 60 min incubation with or without 25 mmol/l glucose. In the absence of glucose, glibenclamide, KCl or CRF stimulated (p < 0.05) insulin secretion in both cells, compared with that of control (Fig. 6) . Insulin secretion by glibenclamide, KCl or CRF was further enhanced in the presence of 25 mmol/l glucose in At-T20HI-GLUT2-GK-6 cells but not in AtT20HI cells (p < 0.05). A response similar to that of AtT20HI-GLUT2-GK-6 cells was observed in AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells (data not shown).
To study the dynamics of insulin secretion and to compare the concentrations of glucose stimulated insulin secretion between isolated rat islets and At-T20HI-GLUT2-GK-6 cells, we conducted a series of perifusion experiments using AtT20HI, AtT20HI-GLUT2-GK-6, MIN6HI cells as well as isolated rat islets. Perifusion with glucose-free HBSS for 15 min resulted in a gradual fall in insulin secretion in each cell line, but reached a steady state after the first 10 min (Fig. 7) . Perifusion with HBSS containing 5 mmol/l glucose had no effects on insulin secretion in AtT20HI cells but slightly increased the secretion in AtT20HI-GLUT2-GK-6, MIN6HI cells and isolated rat islets. A biphasic pattern of insulin secretion in response to glucose was observed, however, in isolated rat islets and MIN6HI cells when glucose concentration in the perifusate was increased from 5 to 25 mmol/l, although the second phase of the response of MIN6HI cells gradually diminished with time. Although AtT20HI-GLUT2-GK-6 cells showed a secretory response following stimulation with 25 mmol/l glucose, the response lacked a clear initial peak which was observed in isolated rat islets and MIN6HI cells. The response of AtT20HI-GLUT2-GK-7 and AtT20HI-GLUT2-GK-10 cells was similar to that of AtT20HI-GLUT2-GK-6 cels (data not shown).
Glucose utilization and oxidation. Finally, we measured the glucose concentration-dependence of utilization and oxidation by measuring the production of ] glucose, respectively, in AtT20 derived cell lines. Glucose utilization and oxidation in AtT20HI-GLUT2-GK-6 cells were increased (p < 0.05) at all glucose concentrations tested, compared with AtT20 and At-T20HI cells. In AtT20HI-GLUT2±3 and AtT20HI-GK-1 cells, glucose utilization and oxidation were high at low glucose concentrations compared with AtT20 and AtT20HI cells, but not at 5 mmol/l or higher glucose (Fig. 8) .
Discussion
AtT20 cells transfected with human insulin gene represent a useful model system of beta cells based on a number of biochemical similarities. In this study, mature human insulin was secreted from AtT20HI derived cell lines as detected by HPLC (data not shown). Furthermore, these cell lines secreted insulin in response to CRF. These results are in agreement with previous reports suggesting that adrenocorticotropic hormone (ACTH) and insulin are stored in the same secretory granules, transported to the regulatory pathway and secreted together in response to secretagogues in AtT20 cells transfected with insulin gene [18±22, 32, 34] .
Our initial results showed that AtT20HI cells secreted mature human insulin but failed to show glucose stimulated insulin secretion. We postulated that this could be due to differences in the expression of GLUT2 or glucokinase or both between beta and At-T20HI cells. Therefore, we constructed AtT20HI cells with overexpressed GLUT2 or glucokinase or both and studied their cellular characteristics. We found that AtT20HI-GLUT2±3 and AtT20HI-GK-1 14 C] glucose in AtT20 (*), AtT20HI (&), At-T20HI-GLOT2±3 (&), AtT20-GK-1 (X) and AtT20HI-GLUT2-GK-6 (*) cells. Data are corrected for total cellular protein contents and represent the means ± SD of four independent experiments. *: p < 0.05 compared with AtT20 cells cells secreted insulin after stimulation with glucose at concentrations lower than that required for insulin secretion in beta cells. These cell lines expressed higher insulin mRNAs, but only a slight increase in insulin contants, than in AtT20HI cells. Our results also showed that glucose utilization and oxidation in these cell lines were both high at subphysiological glucose concentrations, but not at physiological glucose concentrations. More importantly, AtT20HI-GLUT2-GK cell lines exhibited a glucose-dependent insulin secretion up to a concentration of 25 mmol/l. The level of insulin mRNA and glucose metabolism in these cell lines were also high compared with At-T20HI cells. The reason for the overexpressed insulin mRNA in these cells is not clear but it could be due to a high rate of glucose metabolism in AtT20HI-GLUT2-GK cell lines. This argument is supported by the finding that the stability of insulin mRNA is upregulated by increased glucose-induced signal [35] . Another important finding of our study was that not overexpression of GLUT2 or glucokinase alone but rather a sufficient expression of both was necessary to stimulate insulin secretion in AtT20HI cell lines in response to stepwise increases in glucose concentration.
Our results also showed a high activity of glucokinase (almost similar or even more than that of hexokinase) in AtT20HI-GLUT2-GK cell lines. Previous studies have shown that this activity is similar or higher than that of hexokinase in beta cells [6, 22] . The importance of glucokinase expression in beta cells is also supported by studies in mice with targeted disruption of the pancreatic glucokinase gene. These studies found that not necessarily qualitative abnormality but simple reduction in quantity of glucokinase was sufficient to cause diabetes in mice [14, 15] . More recently, the importance of glucokinase expression was also reported in experiments using engineered beta cell lines [36] . In these studies, bG 49/ 206 cells (transfected with insulin, GLUT2 and glucokinase gene) and bG 40/110 cells (transfected with insulin and glucokinase gene) exhibited potent insulin secretory responses to glucose that were clearly higher than the corresponding response of bG I/17 cells (transfected with insulin gene alone) or parental RIN1046±38 cells. Although, bG 49/206 and bG 40/ 110 cells exhibited a decrease in basal insulin secretion and insulin content compared with bG I/17 cells [36] . In our study using non-beta cell lines (At-T20HI-GLUT2-GK cell lines), basal insulin secretion and insulin content were higher than that in AtT20HI cells. The reason for the difference between At-T20HI-GLUT2-GK and RIN1046±38-cell lines is still to be explained. It is possible that beta cell lines contain some other elements or activate other mechanisms to regulate insulin secretion, which are otherwise absent in AtT20 derived cell lines [8, 37] . Moreover, our study showed that glucose stimulated insulin secretion in AtT20HI-GLUT2-GK-6 cell was suppressed by the addition of 2-DG. The latter is known to inhibit mainly the activity of hexokinase but not that of glucokinase [22] . The mechanism of the inhibitory effect of 2-DG on glucose stimulated insulin secretion is not clear, although similar results have been reported previously [38, 39] , and has to be clarified by future studies using knock-out models.
The present study also showed that insulin secretion in AtT20HI-GLUT2-GK-6 cells in response to glucose was suppressed following the addition of diazoxide or nifedipine. In the absence of glucose, glibenclamide or KCl stimulated insulin secretion in both AtT20HI and AtT20HI-GLUT2-GK-6 cells. Diazoxide is reported to block insulin secretion by preventing agonist-induced increases in ATP through the closure of ATP-sensitive K + channels [9, 10, 40] . On the other hand, nifedipine inhibits Ca 2+ influx and antagonizes the ability of glucose to increase cytosolic Ca
2+
, and therefore, blocks insulin secretion [7, 9, 10, 41] . Sulphonylurea inhibits the activity of ATP-sensitive K + channel by binding to its specific receptors, which are considered to be a subunit of the ATP-sensitive K + channel [42] . Other studies have found that the sulphonylurea receptor 1 (SUR1) [43, 44] and dihydropyridine-sensitive Ca 2+ channel [45] are also expressed in AtT20 cells as in beta cells. The results of these early studies and our findings combined suggest that glucose stimulated insulin secretion is mainly regulated through ATP-sensitive K + channels and voltage-dependent Ca 2+ channels in AtT20HI-GLUT2-GK cell lines as well as in beta cells.
Our results also showed that sulphonylurea or KCl further enhanced insulin secretion in response to high concentrations of glucose. This response, noted in At-T20HI-GLUT2-GK-6 cells but not in AtT20HI cells, suggests that the enhanced secretion of insulin by glucose, sulphonylurea or KCl occurred through a common pathway. Furthermore, high concentrations of glucose possibly trigger another signal that further enhances insulin secretion and control the membrane potential after closure of the ATP-sensitive K + channel. Alternatively, the enhanced secretion of insulin in response to high concentrations of glucose could occur, at least in part, through other pathways that are independent of ATP-sensitive K + channel [9, 10] . It is noteworthy that insulin secretion in response to various secretagogues (e. g. glucose, sulphonylurea and KCl), and inhibitors (e. g. diazoxide and nifedipine) in non-beta cell lines transfected with insulin, GLUT2 and glucokinase, was similar to that in normal beta cells.
Perifusion experiments in this study indicated that AtT20HI-GLUT2-GK-6 cells increased insulin secretion in response to 25 mmol/l glucose, however the response lacked a clear first phase of insulin secretion observed in isolated rat islets (Fig. 7) . It has been sug-gested that the first phase of insulin secretion is due to a transient increase in Ca 2+ released from the intracellular storage pool into the cytosole [46] . It was hypothesized that mobilization of Ca 2+ from the intracellular storage pool acts to stimulate the phosphorylation of a subset of cellular proteins that mediate the first phase of insulin secretion and that the activation of protein kinase C plays a particularly important part in the second phase of insulin secretion [46, 47] . Therefore, the lack of a rapid insulin response to high concentrations of glucose in AtT20HI-GLUT2-GK cell lines is perhaps due to the absence of the signals of Ca 2+ messenger system that leads to a transient increase in intracellular [Ca 2+ ].
In conclusion, we successfully constructed nonbeta cell lines that secreted insulin in response to physiological concentrations of glucose by expression of insulin, GLUT2 and glucokinase genes in AtT20 cells. Furthermore, the patterns of insulin secretion in response to various agents in these cell lines were also similar to those in normal beta cells. Our cell lines failed to show a clear first phase of insulin secretion in response to glucose, however, suggesting that element(s) other than GLUT2 and glucokinase might be also necessary for the development of the typical biphasic insulin secretion observed in normal beta cells.
